The aim of our study was to assess the feasibility of implementing a protocol for the use of magnesium sulfate to prevent cerebral palsy. This retrospective single-center study included all women with fetuses of gestational age <33 weeks of gestation whose birth was planned or expected within 24 hours from September 2011 to December 2012. They were to receive magnesium sulfate, administered intravenously as a 4-g bolus followed by a constant infusion of 1 g per hour. If delivery had not occurred after 12 hours and was no longer considered imminent, the infusion was to be discontinued. The study included 119 women, 81 (68.1%) of whom received magnesium sulfate. Among the latter, 71 (87.5%) gave birth within 24 hours. The reasons treatment was not given were: omission by medical team (19/38, 50%), urgent delivery (18/38, 47.4%), and contraindication to treatment (1/38, 2.6%). The mean gestational age at protocol implementation was 29.6 +/− 2.1 weeks. Maternal monitoring, especially at the onset of infusion, appeared suboptimal. No major maternal side effects were observed. Our study shows that implementing a protocol for prevention of cerebral palsy by magnesium sulfate is feasible in a tertiary obstetric center.
1
. The survival of infants born preterm is associated with a substantial risk of neurodevelopmental impairment. Cerebral palsy (CP) is the most frequent cause of childhood motor disability, affecting approximately 2 per 1,000 live births in high-income countries 2 . The risk of CP is higher at earlier gestational ages, and 30%-50% of the children with CP were born preterm 3 . Magnesium sulfate is involved in many intracellular processes, acting to induce cerebral vasodilatation, reduce inflammatory cytokines and oxygen free radicals, and inhibit calcium influx into cells 4 . Animal studies have shown that it has a neuroprotective effect 5 and that it may also interact with antenatal steroids to preserve the integrity of the blood-brain barrier in neuroinflammation 6 . Five randomized controlled trials (RCTs), published between 2002 and 2008 [7] [8] [9] [10] [11] and including 6145 infants, have demonstrated that intravenous magnesium sulfate given to mothers before early preterm birth significantly decreases the risk of CP without increasing perinatal or infant mortality. A meta-analysis 12 examining these 5 RCTs reported that, among the infants surviving to 18-24 months of age, the number needed to treat to prevent one case of CP is 46 when magnesium sulfate is administered in utero before 30 weeks and 56 when administered before 32 to 34 weeks.
Scientific RepoRts | 5:14732 | DOi: 10.1038/srep14732
Its administration is therefore recommended by United States and Canadian guidelines for women with imminent preterm birth 13, 14 . The primary objective of the study was to assess the feasibility of implementing a protocol for the use of magnesium sulfate among gravidas at imminent risk of delivery before 33 weeks of gestation, to prevent CP in their babies. As a secondary objective, we sought to examine maternal safety and the reasons for non-compliance with the protocol in daily practice.
Materials and Methods
This retrospective single-center study took place from September 2011 (when the magnesium sulfate protocol was implemented in our department) to December 2012 at the Obstetrics and Gynecology department of the Angers University Hospital, a tertiary care referral center with approximately 4,100 births/annum.
All women with singleton, twin, or triplet pregnancies were eligible for the protocol if they were admitted with a viable fetus at less than 33 weeks of gestation (Appendix). Gestational age was the best estimate of completed weeks of gestation based on early ultrasound and menstrual history, as recommended by the French College of Gynecologists and Obstetricians guidelines 15 . For women with imminent preterm birth between 24 and 33 weeks of gestation, antenatal magnesium sulfate is to be administered as a 4-g IV loading dose, over 30 minutes, followed by a 1 g/hour maintenance infusion until birth (for a maximum of 12 hours) 8 . Imminent preterm birth is defined as high likelihood of birth due to either active labor with cervical dilatation ≥ 4 cm, with or without preterm premature rupture of membranes (PPROM), or planned preterm birth for fetal or maternal indications or other situations such as significant vaginal bleeding.
In our protocol (Appendix), the relative contraindications for magnesium sulfate are: electrolyte disorders, renal failure, defined as rapidly progressive loss of renal function characterized by oliguria (quantified as less than 400 mL per day), maternal cardiac arrhythmia during this pregnancy, myasthenia, ingestion of calcium channel blockers during the previous 2 hours, and "urgent delivery" (i.e., sulfate administration is allowed in this type of indication as long as it does not delay cesarean delivery).
We considered "urgent delivery" any maternal or fetal emergency that required delivery in the shortest time such as abnormal fetal heart rate tracing, severe antepartum hemorrhage or abruptio placenta.
Our study included all women who were admitted for preterm labor and induced preterm birth (fetal or maternal indications) for delivery between 24 and 33 weeks of gestation, regardless of whether magnesium sulfate was contraindicated. Exclusion criteria were major fetal abnormalities or intrauterine fetal death between 24 and 33 weeks and incomplete medical records.
Women with severe preeclampsia could receive magnesium sulfate for cerebral palsy and seizure prophylaxis as recommended by the French Society of Anesthesiologist and Intensive Care 16 . The protocol was then drafted jointly by obstetricians, anesthesiologists, and pediatricians. We held two further multidisciplinary meetings before starting to implement it, to explain its terms and underline its interest once again to the entire all health care team. The protocol was then sent by email to the entire medical team (attending and regular obstetricians, anesthesiologists, pediatricians and midwives).
We decided to begin the protocol at a time of year when few medical staff members are on vacation (September).
During the first month of implementation, the supervising midwives regularly reminded all staff working on the maternity ward that the detailed protocol was available in the Standard Operating Procedure folder (digital and hard copy), to refer to whenever needed.
The primary outcome for this study was the proportion of women who delivered before 33 weeks of gestation and received magnesium sulfate before delivery (at least the 4-g IV loading dose). Based on the three studies [17] [18] [19] assessing the feasibility of implementing a magnesium sulfate protocol for neuroprotection, and organizational commitment in general, we considered that the implementation procedure would be successful if 60% of eligible patients received the treatment during the study period.
The main secondary outcomes were maternal safety, assessed by the occurrence of potentially magnesium-attributable maternal or perinatal complications, and reasons for non-compliance.
Women and infants were cared for according to standard clinical guidelines. The protocol calls for recording maternal pulse rate, blood pressure, respiratory rate, tendon reflexes, and any adverse effects throughout the infusion. Fetal heart rate was monitored throughout labor.
According to our protocol, treatment is to be stopped in the presence of the following symptoms: respiratory rate <10/min, hypotension, areflexia, disorders of consciousness, or oliguria/anuria.
Mothers and their children were followed up until hospital discharge. Neonatal medical records were reviewed to identify the following outcomes: neonatal death; 5-minute Apgar score <7; intraventricular hemorrhage (IVH) grades 3 and 4, according to cranial ultrasound findings and Papile's criteria 20 ; periventricular leukomalacia, defined as hyperechoic lesions persisting to day 7 of life 21 , and necrotizing enterocolitis grades II/III according to Bell's classification 22 . Informed consent was obtained from all participants. All experimental protocol was approved by the institutional review committee of the Angers University Hospital. This study was conducted in accordance with the approved guidelines. Data analysis used χ 2 or Fisher's exact test, as appropriate, for categorical variables and the ANOVA test for continuous variables, with the SPSS statistical software program package (SPSS version 15.0 for Windows, SPSS Inc., Chicago, IL). Statistical significance was defined as a P value < 0.05.
Results
Of the 5610 women who delivered during the study period, 126 (2.2%) were eligible for the protocol. They accounted for 34.3% (126/367) of all preterm births; the other 241 preterm births were ineligible because they occurred between 33 and 37 weeks of gestation. After 7 women, 3 with incomplete medical records and 4 with severe fetal abnormalities, were excluded, the study finally included 119 women and 138 premature newborns. Among these women, 81 (68.1%) received magnesium sulfate ( Fig. 1) , and 71 of these 81 (87.5%) then gave birth within 24 hours.
In 89% (72/81) of cases, the magnesium sulfate protocol was ordered by the on-call obstetrician, and in another 6 cases (7.4%), by consensus during the daily morning staff meeting.
In the 3 months immediately after the protocol was implemented, 19 of 25 eligible women (76%, 95% confidence interval (CI) 54.9-90.6) received magnesium sulfate before delivery compared with 87.5% (95% CI 47.3-99.7) in the final 3 months of the study period (p = 0.49).
In the 3 months of the summer period (June, July and August 2012), 13 of 29 eligible women (45%, 95% CI 26.7-62.9) received magnesium sulfate compared with 76% in the 3 months following the implementation of the protocol (p = 0.01) and 87.5% in the final 3 months of the study period (p = 0.04) (Fig. 2) .
Mean gestational age (GA) at magnesium sulfate administration was 29.6 weeks + /− 2.1 days (24 weeks + 3 days to 32 weeks + 6 days). The mean duration of therapy was 285 + /− 40 minutes, and the mean duration of bolus 34 min (+ /− 11 min). Sixty women (74%) received maintenance infusions with a mean duration of 333 + /− 79 min. The total mean dose administered was 8 + /− 6.7 g. The median total predelivery dose was 5.5 g (range: 0.9 g to 39.5 g). Four women (3.3%) received magnesium sulfate for more than 12 hours, which violated the protocol. The women's characteristics are described in Table 1 . The main reasons for preterm birth were preterm labor, PPROM, prepartum hemorrhage, and preeclampsia (Table 1 ). There were 5 (5/81; 6%) women with severe preeclampsia who received magnesium sulfate for cerebral palsy and seizure prophylaxis.
The reasons that indicated treatment did not occur were omission by medical team (19/38, 50%), "urgent delivery" (18/38, 47.4%), and contraindication to treatment (1/38, 2.6%). "Urgent delivery" included: category III 19 fetal heart rate tracings (15/38, 39.5%), severe antepartum hemorrhage due to placenta previa (2/38, 5.3%) and abruptio placenta (1/38, 2.6%) ( Table 1) .
If we excluded the women with relative contraindications ("urgent delivery" (n = 18) and maternal arrhythmia (n = 1)), 81% (81/100) of the women included received magnesium sulfate.
Adverse (Table 1 ). Magnesium sulfate administration was stopped in 3 women (3.7%): 1 with hyporeflexia, 1 with respiratory depression, and 1 with hypotension. Among women who did not receive magnesium sulfate, only three (7.9%) had symptoms: nausea (n = 1), flushing (n = 1), and hypotension (n = 1) ( Table 1) .
Rates of emergency delivery, abnormal fetal heart rate, general anesthesia, neonatal cord pH < 7.10 at birth, Apgar score at 5 minutes <7, neonatal external cardiac massage, and use of epinephrine were significantly higher in the group of women who did not receive magnesium sulfate before birth, and the rate of antenatal corticoid administration was significantly lower in this group (Tables 1 and 2) .
The rates of neonatal mortality before hospital discharge tended to be lower in infants whose mothers received magnesium sulfate, but the difference was not significant ( Table 2) . No neonatal adverse effects were recorded.
When bolus administration began, blood pressure was monitored in 63% (51/81) of the women, heart rate in 72.8% (59/81), respiratory rate in 25.9% (21/81), oxygen saturation in 8.6% (7/81), and patellar reflexes in 23.5% (19/81) ( Table 3 ). Four hours after administration began, among the women who had not delivered and were still receiving the infusion (n = 26), blood pressure was being monitored in 73% (19/26) , heart rate in 65.4% (17/26), respiratory rate in 42.4% (11/26), oxygen saturation in 26.9% (7/26), and patellar reflexes in 57.7% (15/26) ( Table 3 ). The rate of monitoring related to the measurement of respiratory rate, oxygen saturation, and patellar reflexes thus increased significantly during the course of the infusion (Table 3) .
When magnesium sulfate administration began, all characteristics to be monitored were actually mentioned as checked in the records of only 3.7% of women (3/81) compared with 19.2% (5/26, including the initial 3) four hours later (p < 0.05). Fifty-five women gave birth within 4 hours.
Discussion
This study demonstrates the feasibility of implementing a protocol to use magnesium sulfate among gravidas at imminent risk of delivery before 33 weeks of gestation to prevent cerebral palsy. Appropriate selection of women at high risk of imminent preterm birth is feasible. Overall, 68.1% of the eligible women and 81% of those without any contraindications received magnesium sulfate before preterm delivery, with a high rate from the outset of the protocol's implementation (76% during the first three months).
In the months leading up to the implementation of our new protocol, we first organized a multidisciplinary meeting (midwives, obstetricians, anesthesiologists, and pediatricians) to discuss the recently issued guidelines 13, 14 and the level of evidence for the use of magnesium sulfate for neuroprotection in preterm infants and its possible side effects.
The maternal-fetal medicine department and the labor room quickly adopted the use of magnesium sulfate to prevent cerebral palsy. The significant differences between the groups with and without magnesium sulfate treatment for maternal and neonatal characteristics (i.e., abnormal fetal heart rate, general anesthesia, neonatal cord pH < 7.10 at birth, Apgar score at 5 minutes < 7, neonatal external cardiac massage, use of epinephrine, and antenatal corticoid administration) strongly suggest that "urgent delivery" for fetal indication was much more frequent in the untreated group.
Overall, 15 women did not receive magnesium sulfate because fetal distress required immediate emergency delivery. However, only 8 of the 15 were admitted for preterm labor with a category III fetal heart tracing noted upon emergency admission and did not receive antenatal corticosteroids. The remaining seven had been hospitalized for preterm labor for several days and could have received antenatal corticosteroids before the emergency cesarean delivery for fetal distress.
To our knowledge, only three studies [17] [18] [19] have assessed the feasibility and maternal safety of implementing the use of magnesium sulfate for neuroprotection. Ow et al. 17 reported a 40% rate in the first 12 months after implementation of their guideline. The only information available in that study related to potentially magnesium-attributable maternal complications was that infusion was discontinued as result of side effects in 2% of women, mostly for hypotension. Gibbins et al. 18 and, more recently, Tan et al.
19
, implemented a similar departmental guideline and respectively reported a 51% and 82% implementation rate during the first year. Like us, they reported no episodes of severe maternal adverse effects. • Major side effects
5
, n (%) 0 0 −
• Flushing, sweating, n (%) 4 (4.9) 1 (2.6) 0.57
• Nausea or vomiting, n (%) 2 (2.5) 1 (2.6) 0.96
• Hypotension6, n (%) 9 (11.1) 1 (2.6) 0.15
• Respiratory depression

7
, n (%) 1 (1.2) 0 0.9
• Hyporeflexia, n (%) 1 (1.2) 0 0.9
• Reduction of respiratory frequency, n (%) 1 (1.2) 0 0.9
Relative contraindication to magnesium sulfate Table 1 . Baseline characteristics of patients admitted with threatened or indicated delivery before 33 weeks of gestation. 1 Values are given as mean + /− standard deviation. 2 Categories III of fetal heart rate tracings according to American College of Obstetricians & Gynecologists, Society for Maternal-Fetal Medicine and National Institute of Children's Health and Development guidelines 26 . 3 Some patients had more than one reason for preterm birth. 4 Some patients had more than one adverse event. 5 Respiratory rate of < 10/min, diastolic blood pressure decrease of > 30 mmHg, areflexia, coma, lung and heart failure 27 .
6
Diastolic blood pressure decrease of more than 15 mmHg 26 .
7
Decrease of > 4/min from baseline 26 . 8 Sulfate administration was allowed in this type of indication but only if it did not delay the cesarean delivery.
We observed a significant decrease of the implementation rate of magnesium sulfate during the summer (45%). This is mainly due to the significant reduction in staff observed during that period, since many doctors and residents take their vacations in the July-August period. It is important to note that this is not due to the "July phenomenon" frequently referred to in the medical literature 23 -where the arrival of new interns and residents at teaching hospitals each July is thought to cause an annual transient increase in poor patient outcomes and ineffective care-since in France, new residents and fellows start working in November. However, our department had many newly graduated midwives working on the maternity ward during that period, and this might have influenced the implementation rate.
Clinical monitoring of women who receive magnesium sulfate is essential, especially because the infusion may need to be interrupted because of an adverse event. In our study, administration was Scientific RepoRts | 5:14732 | DOi: 10.1038/srep14732 interrupted in 3 patients (3.7%) (1 for hyporeflexia, 1 for respiratory depression and 1 for hypotension). These results are consistent with the literature 10, 11, 24 . Nevertheless, our clinical monitoring of women who received magnesium sulfate was clearly suboptimal because only 3.7% (3/81) of patients were adequately monitored during the bolus. It does appear that the medical team was aware of the necessity to monitor because this rate was significantly higher 4 hours after the beginning of the infusion (19.2%; 5/26) (p < 0.05). It is also possible, especially in cases when the delivery may be considered likely to become urgent, that magnesium sulfate administration is the highest priority, and monitoring is set up afterwards.
The fear of suboptimal maternal monitoring in daily practice is one of the main arguments made by those opposed to this neuroprotective procedure. Although we observed no serious adverse maternal effects, our study did show that close maternal monitoring is difficult to achieve in daily practice. Nevertheless, in our opinion, our result should be interpreted as an alert to the necessity of special attention to this monitoring rather than an argument against using magnesium sulfate.
Similarly, we observed other types of non-compliance with our protocol. In fact, we found that in 10 cases (12.3%), magnesium sulfate administration continued beyond the 12 hour maximum recommended by our protocol. The suboptimal clinical surveillance and the risk of non-compliance with the protocol in daily practice are arguments in favor of regular monitoring of the practical application of the protocol. Repeated audits should be conducted to alert and encourage medical teams to achieve these safety goals. One way to improve safety outcomes may be to use the patient safety checklist recommended by the American College of Obstetricians and Gynecologists 25 , which enables the health care provider to review the inclusion and exclusion criteria and information for the woman (maternal side effects, neonatal benefits) and suggests different treatment regimens.
Our study has some limitations. The first is its retrospective design. Accordingly, all the flaws of retrospective analyses apply. In particular, there may be a problem of identifying patients or of data reliability. For example, monitoring might have been performed but not noted in the medical records. Finally, we underline that our study lacks the statistical power to draw a solid conclusion about adverse outcomes and neonatal benefits with magnesium sulfate use, but also note that such results were not the purpose of our study.
In conclusion, our study shows that implementing a protocol for prevention of cerebral palsy by magnesium sulfate is feasible in a tertiary obstetric center. However, maternal monitoring in our daily practice was suboptimal. This should alert physicians to the necessity to implement tools, such as audits or use of a patient safety checklist, to improve monitoring quality.
